Abstract Polymer-clay nanocomposites exhibit much improved mechanical, physical, and chemical properties compared to the pure polymer. The interaction of polymer and organically modified silicates is mainly influenced by the surfactant layer in the system. To investigate the structure and dynamics of this surfactant layer, various electron paramagnetic spectroscopy (EPR) techniques were applied. Continuous wave EPR experiments showed a temperaturedependent heterogeneous mobility of the surfactant layer in organoclay as well as a difference in dynamics along the alkyl chain. Intercalation of polystyrene causes a significant slowdown in surfactant dynamics. Electron spin echo envelope modulation indicates a closer contact of the polymer with the mid of the surfactant tail than with the end of the tail. From the obtained data the picture of flatly lying surfactants on clay platelets with a mobility gradient along their alkyl chains can be drawn.
Introduction
In the last two decades, polymer nanocomposites have moved into the focus of science. As a new class of materials, polymer-clay nanocomposites exhibit much improved properties including mechanical, thermal, gas and liquid barrier, flame retardancy, optical and electrical properties as well as better biodegradability compared to the pure polymer, which make these materials for instance interesting for packaging and automotive industries [1] . As the improved properties can be obtained at low contents of less than 5 wt % of clay, the composites do not lose transparency or gain much weight [2, 3] . The property improvements rely critically on intercalation of the polymer chains between the silicate layers and exfoliation of the silicate platelets. For unpolar polymers like polystyrene, these processes require compatibilization of the clay. The most popular route to achieve this is by ion exchange with surfactants like organic ammonium or phosphonium cations to turn the hydrophilic clay into a hydrophobic component [4] . The dependence of intercalation and exfoliation on the type of surfactant and on processing conditions is not yet understood on a fundamental level. The surfactant layer on the clay affects the entropy and enthalpy of polymer intercalation as well as the interaction of polymer and clay in the nanocomposite and is therefore crucial for the improved properties of the material. Structure and dynamics of the surfactant layer are thus of great interest to optimize design, manufacturing, and applications of polymer-clay nanocomposites [5, 6] .
Different techniques have been used in the past to characterize clay-based polymer nanocomposites including rheology for mechanical properties, X-ray diffraction and transmission electron microscopy to gain information about the morphology of the system, as well as thermogravimetric analysis and nuclear magnetic resonance (NMR) to quantify surfactant loading in organoclay [7] [8] [9] . Electron paramagnetic spectroscopy (EPR) offers new insight into the surfactant layer of nanocomposites by providing access to structure and in the range of 0.3 to 10 nm and dynamics in the range of 10 ps to 1 μs [10].
surfactants in organoclay and polymer-clay nanocomposites, which differ in their mobility [11, 12] . We also demonstrated a difference in dynamics between the head group and the tail end of surfactants in the investigated materials. Complete intercalation of polystyrene took place when the organoclay was modified with ammonium-based surfactants while phosphonium-based organoclays lead to no intercalation [12] .
In this study, we extend our EPR approach by studying surfactant dynamics and proximity to the polymer chain at different positions along the alkyl chain of the surfactant. The paper is organized as follows: After the syntheses and methods section, we discuss changes in dynamics along the surfactant tail before and after addition of polystyrene. This information can be obtained from continuous wave (CW) EPR spectra. Further investigations with electron spin echo envelope modulation experiments (ESEEM) [13] probe the contact between the spin label on the surfactant with deuterated polymer chains in polymer/layered silicate nanocomposites. With these results, we support and emphasize a structural picture of flatly lying surfactants in organoclay with a mobility gradient along their alkyl chains.
Experimental section

Materials
Synthetic fluoromica Somasif ME-100 with very low content of iron was a gift from Co-Op Chemical, Japan. The surfactant hexadecyltrimethylammonium chloride (HTMA, Aldrich) was used as received. The different spin-labeled surfactants were synthesized as described below. Polystyrene with a narrow molecular weight distribution (GPC standard, PS10k, M w ∼9,500, M w /M n ∼1.06, T g =370 K) was obtained from Fluka. Anionically polymerized perdeuterated polystyrene (PS10k-d8, M w ∼10,950, M w /M n ∼1.04) was obtained from Polymer Laboratories.
Synthesis of surfactant spin-labeled at the end of its alkyl chain 2-(11-Bromo-undecyl)-isoindole-1,3-dione 11-Bromoundecanol (Fluka, 5.02 g) and potassium phtalimide (Fluka, 3.70 g) were reacted for 5 h in DMF (20 ml) at 80°C. After cooling down, the reaction mixture was dissolved in chloroform (40 ml) and extracted two times with water (70 ml). The water phases were extracted two times with chloroform (20 ml). The combined organic phases were washed first with 0.2 M NaOH (20 ml) and then with water (20 ml). The solution was dried (Na 2 SO 4 ). The solvent was removed in vacuo, and 2-(11-hydroxy-undecyl)-isoindole-1,3-dione (1a) was obtained as a colorless solid (5.58 g, 88 %). Tetrabromomethane (Fluka, 3.13 g), triphenylphosphine (Aldrich, 2.48 g), and 1a (2.00 g) were stirred overnight in diethylether (60 ml) at room temperature. Filtration over silica gel with petroleum ether/acetone (5:1) as a solvent made 2-(11-bromo-undecyl)-isoindole-1,3-dione (1,72 g, 72 %) as a pale yellow solid.
Quaternization
To a solution of 2-(11-bromo-undecyl)-isoindole-1,3-dione (1.53 g) in ethanol (55 ml), an aqueous solution of trimethylamine (Fluka, 45-50 %, 8.2 ml) was added. After stirring for 7 days at room temperature and removing the solvent and excess of trimethylamine at 45°C and a pressure of 110-120 mbar, the yellow, solid residue was dissolved in ethanol (30 ml) and precipitated using diethylether (120 ml) to make trimethyl-[11-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-undecyl]-ammonium bromide (1b) a pale yellow solid (1.29 g, 75 %).
Deprotection and spin labeling
An aqueous solution of hydrazine hydrate (Fluka, 25 %, 1.17 ml), methanol (60 ml), and 1b (1.29 g) were refluxed for 1 h. After addition of water and evaporation of methanol, concentrated hydrochloric acid was added and the mixture was further refluxed for 1 h. After cooling down, a white precipitate was removed and the clear yellow solution was extracted two times with ethyl acetate (30 ml). The aqueous phase was concentrated to dryness, and (11-amino-undecyl)-trimethyl-ammonium bromide as yellow solid (1b, 0.53 g, 58 %) was obtained. For spinlabeling, to a solution of 1b (0.27 g) in dry THF (15 ml) were added 2,2,5,5-tetramethyl-3-pyrroline-1-oxyl-3-carboxylic acid (Aldrich, 0.24 g) and DMAP (Merck, 0.18 g). DCC (Fluka, 0.27 g) was added under ice cooling, and the mixture was then stirred for 3 days at room temperature. After separating from the precipitated urea to the clear yellow solution, 2 M HCl (40 ml) was added. The mixture was extracted two times with diethylether (20 ml), the combined organic phases were dried (Na 2 SO 4 ), and the solvent was removed in vacuo. Compound 1 was obtained as yellow solid (0.38 g, 91 %). Identity of the compounds was checked by mass spectroscopy, and General route for the synthesis of surfactant spin-labeled at a defined position along its alkyl chain 10-Bromo-2-ethyldecane acid Sodium (Aldrich, 2.30 g) was dissolved in ethanol (100 ml) under gradual heating. The warm solution was added dropwise to ethylmalonic acid diethylester (Aldrich, 18.82 ml) and 1,8-dibromooctane (Aldrich, 27.94 ml), and the mixture was stirred for 4 h at 90°C and overnight at room temperature. After evaporation of the solvent and addition of water, the organic phase was separated and extracted two times with diethylether (50 ml). The combined organic phases were dried (Na 2 SO 4 ), and the solvent was removed in vacuo. After vacuum distillation, 2-(8-bromooctyl)-2-ethylmalonic acid diethylester (2a) was obtained as yellow oil (24.97 g, 66 %). Potassium hydroxide (WTL Laborbedarf, 11.37 g) and 2a were dissolved in a mixture of water (14 ml) and ethanol (28 ml) and refluxed for 16 h; the solvent was then removed in vacuo. The residue was dissolved in water, and concentrated hydrochloric acid was added under ice cooling to adjust the pH value to 1. The mixture was then extracted four times with diethylether (50 ml). The combined organic phases were washed with brine (30 ml) and then dried (MgSO 4 ), and the solvent was removed in vacuo to obtain crude 2-(8-bromooctyl)-2-ethylmalonic acid (2b) as yellow, highly viscous liquid (16.27 g, 87 %). Heating followed by vacuum distillation of 2b (16.00 g) yields 10-bromo-2-ethyldecane acid as a yellow oil (11.88 g, 86 %).
Quaternization
To a solution of 10-bromo-2-ethyldecane acid (4.29 g) in ethanol (150 ml), an aqueous solution of trimethylamine (Fluka, 45-50 %, 30 ml) was added. After stirring for 7 days at room temperature and removing the solvent and excess of trimethylamine at 65-70°C and a pressure of 50-60 mbar, (9-carboxyundecyl)-trimethyl ammonium bromide (2c) was obtained as a yellow, highly viscous liquid (4.83 g, 93 %).
Spin-labeling
To a solution of 2c (1.52 g) in dry THF (20 ml) were added 4-amino-2,2,6,6-tetramethylpiperidin-1-oxyl (Aldrich, 1.00 g) and DMAP (Merck, 1.82 g). Then, DCC (Fluka, 2.77 g) was added under ice cooling, and the mixture was stirred for 3 days at room temperature. After separating from the precipitated urea to the clear yellow solution, 2 M HCl (40 ml) was added. The mixture was extracted three times with diethylether (40 ml), the combined organic phases were dried (Na 2 SO 4 ), and the solvent was removed in vacuo. Compound 2 was obtained as red oil (1.94 g, 88 %). In the analogous manner, compound 3 was obtained as red oil (1.91 g, 86 %). Identity of the compounds was checked by mass spectroscopy, and 1 Hand 13 C-NMR and for paramagnetic substances by IR spectroscopy. Phosphonium-based surfactants were synthesized in an analogous way.
Preparation of organoclay
To a dispersion prepared by stirring 2 g of Somasif ME-100 in 200 ml of deionized water for about 30 min was added a solution of the appropriate amount of HTMA and of spin probes in a mixture of 40 ml of deionized water and 40 ml of ethanol that was kept at 60°C. This corresponds to surfactant excess samples with a threefold excess of HTMA with respect to the cation exchange capacity (CEC: 0.85 meq/g) of Somasif ME-100. The amount of spin probes used (1: 20 mg, 2: 15 mg, and 3: 15 mg) ensured that less than 2 % of foreign surfactant molecules were introduced. No spectral broadening due to dipoledipole interaction between electron spins was observed. Furthermore, the required space of the used nitroxide spin label was small enough not to disturb the structure of the investigated systems. After stirring the combined solutions at 60°C for 5 h, the precipitate was collected by filtration and washed with a 1:1 hot mixture of deionized water and ethanol until an AgNO 3 test for chloride ions in the washing liquid was negative. The obtained material was dried in the vacuum oven at 70°C for 24 h. EPR samples were prepared by pressing 100 mg of organoclay at a temperature of 433 K for 30 min at 70 MPa in a WeberPress (Maschinen Apparatebau GmbH).
Preparation of nanocomposites
Mixtures of 75 mg polymer and 25 mg organoclay were pressed at temperatures of 433 K for 30 min at 70 MPa in a Weber-Press.
EPR measurements
Spectra were recorded on a Bruker ELEXSYS 580 EPR spectrometer at X-band frequencies (9.3-9.8 GHz). Variable temperature CW EPR was performed with a 4103 TM resonator using a glass dewar and the Bruker ER 4111 VT temperature control unit. Extrema separations 2A zz for completely immobilized nitroxides were measured at a temperature of 80 K. A microwave power of 2 mW, modulation amplitude of 0.1 mT, and a modulation frequency of 100 kHz were employed. Three-pulse ESEEM experiments [13] were performed at a temperature of 50 K and at the maximum of the nitroxide spectrum using a Bruker Flexline split-ring resonator ER 4118X_MS3. Pulse widths were 16 ns, and the interpulse delay between the first two pulses was 344 ns to obtain a favorable ratio of deuterium to proton modulations. An increment of 16 ns was used for the second interpulse delay, and 1,024 data points were acquired.
Results
In previous papers, we applied commercial head grouplabeled and a homemade end-labeled surfactants (1 and analogous tributylphosphonium-based surfactants) to obtain first insight into the structure and dynamics of the surfactant layer [11, 12] . For further elucidation of the microstructure of the surfactant layer in organically modified clay and polymer-clay nanocomposites, surfactants spin-labeled at specific sites along the surfactant tail were synthesized as described above. The molecular structures of the specifically synthesized, spin-labeled surfactants are presented in Fig. 1 . Characterization of samples containing 1, 2, and 3 should result in a more detailed structural picture of the investigated materials.
The CW EPR spectrum of nitroxide spin labels is dominated by a triplet splitting. The maximum extrema separation 2A′ zz (Figs. 2 and 4a ) of the spectral lineshape is the difference of the resonance fields of the low-field maximum to the high-field minimum of the spectrum. If the extrema separation 2A zz for the completely immobilized nitroxide is known, 2A′ zz can be analyzed in terms of the rotational correlation time τ r of the spin label in the range between 10 ps and 1 μs (Fig. 2) [14] [15] [16] . If the dynamics of the spin label is fast on the CW EPR time scale (τ r <10 ps), the resulting spectrum shows a simple triplet pattern with uniform line widths. In the range 10 ps<τ r <3 ns, the line widths differ, but the spectrum is still a simple triplet. For correlation times τ r >3.5 ns, dynamics is slow on the EPR time scale, and the spectral lineshape becomes more complicated. Finally, for τ r >1 μs, a powder pattern results. The most distinctive changes in the spectral lineshape can be observed within one decade between 1 and 10 ns. In accordance, dramatic changes of the spectral lineshape are expected only in a narrow temperature range.
In contrast to the simulated spectra in Fig. 2 , all measured CW EPR spectra show heterogeneous dynamics within the surfactant layer (slow and fast components), like e.g., Fig. 3a showing end-labeled tributylphosphoniumbased surfactant analogous to 1. To get an idea about the different τ r in the investigated samples, computer-simulated spectra of slow and fast components with known τ r were superimposed. Figure 3b shows such bimodal spectra where the τ r of the components (ratio 1:1) differ by one decade. Among the simulated spectra, spectrum iii is most sensitive to dynamic heterogeneities. Here, τ r is 10 ns for the slow component and 1 ns for the fast component. To illustrate the effect of varying the fractions of slow and fast components in the samples, Fig. 3c shows mixed spectra of both components in different ratio with τ r of 10 and 1 ns. Note that the spectrum with ratio 20:80 (bottom trace) closely resembles the spectrum at 353 K (top trace) in Fig. 3a . Thus, by comparing experimental spectra to such simulations, a semiquantitative analysis of slow and fast components in the investigated materials can be made.
The CW EPR spectra in Fig. 4 show the increasing mobility of the surfactant layer in organically modified clay with increasing temperature. Presented are organoclay samples I, II, and III containing 1 % of specifically synthesized, spin-labeled surfactant 1, 2, or 3. By comparison to Fig. 3c , it can be estimated that at room temperature, the fraction of the slow component in I is about 80 %; at 333 K, this number decreases to about 20% (Fig. 4a) . For II and III, the fractions of the slow component at the same temperatures are significantly higher (Fig. 4b,c) . Furthermore, these CW EPR experiments show the existence of a dynamic gradient within the surfactant layer. Moving the spin label from the surfactant chain end (1) towards the mid of the chain (3), the mobility of the fast fraction decreases. Together with the results from former experiments using head-labeled surfactants [11, 12] , these results indicate that the head groups of the surfactants are largely immobilized at the clay surface while the chain ends remain mobile.
After addition of polystyrene, the increase in mobility of the surfactants is generally observed at higher temperatures (Fig. 5) . Polymer-intercalated or not-reduces the volume in which the surfactant chains can move. Below the glass transition temperature of the polymer, the platelets cannot change their basal spacing, thus the polymer dominates the dynamics of the system. After reaching the (Fig. 4a) , a slow component with a content of roughly 60 % can be observed in I-PS even at 353 K (Fig. 5a ). Addition of polystyrene to II and III also results in a general slowdown of surfactant dynamics. In contrast to II, where a fast component is observable, in II-PS, the fraction of the slow component is always near 100 % (Fig. 5b) . A fast component is not detectable. The situation is similar for III-PS (Fig. 5c) , although the slowdown is less pronounced in this case. As in organoclay also in polymer-clay nanocomposites, a dynamic gradient within the surfactant layer can be observed. Addition of polymer generally restricts the mobility of the surfactant layer. In other words, the dynamics of the system is dominated by the mobility of the surrounding polymer matrix. The direct comparison of the dynamics in sample II without and with polymer is illustrated in Fig. 6a showing the maximum extrema separation of the spectral lineshape 2A′ zz (for definition, see Figs. 2 and 4a) plotted against temperature. It can clearly be seen that with increasing temperature, the mobility of the sample without polymer (empty triangles) increases, i.e., 2A′ zz decreases, already slightly above 300 K. In contrast, in II-PS with polymer (full circles), a fast component with a small 2A′ zz is observable only above 400 K. In contrast to this intercalated nanocomposite, Fig. 6b shows the analogous sample with tributylphosphoniumbased surfactant, where no intercalation of polymer took place and only a microcomposite was formed [12, 17] . Again, the dynamics in the pure organoclay (empty Fast regime Slow regime b Computer-simulated spectra comprising a slow and a fast component (ratio 1:1) with rotational correlation times τ r differing by one decade. i: τ r, slow =1 μs, τ r, fast =100 ns; ii: τ r, slow =100 ns, τ r, fast =10 ns; iii: τ r, slow =10 ns, τ r, fast =1 ns; iv: τ r, slow =1 ns, τ r, fast =0.1 ns. c Computer-simulated spectra of components with rotational correlation times of 10 ns for the slow and 1 ns for the fast component in diverse ratios (shown right) triangles) is higher than the one in the composite (full circles), but in comparison to II-PS, the surfactant layer in the polymer sample with tributylphosphonium-based surfactants demonstrates a higher mobility and a more gradual melting of the surfactant layer already below the glass transition temperature of polystyrene. Thus, intercalated polymer seems to restrict the dynamics of the system more strongly than a polymer matrix that only surrounds the stacks of organoclay platelets. With ESEEM, it is possible to probe the contact between spin label and deuterated polymer. The deuterium in the polymer creates a contrast to the protons in the surfactant and clay, so that the signals can be clearly assigned to the polymer. We have checked by both WAXS and CW EPR that deuteration of polystyrene does not influence structure or dynamics of the composites. ESEEM experiments on sample I-PS-d8, II-PS-d8, and III-PS-d8 containing deuterated polystyrene show that the contact between polymer and mid of the surfactant tail is somewhat closer than the one between polymer and end of tail. Figure 7a presents the original ESEEM data showing different modulation depth for the investigated polymer-clay nanocomposites. It can be seen that the contactrepresented by the modulation depth-between polymer and end of surfactant tail in I-PS-d8 is not as close as between polymer and mid of surfactant tail in II-PS-d8 and III-PS-d8. This is even more obvious in the spectral representation shown in Fig. 7b , where the deuterium signal at 2 MHz in I-PS-d8 is weaker than in II-PS-d8 and III-PS-d8.
Analysis of the modulation depth gives information about the number of deuterium nuclei in contact to the spin label and their distance [18] [19] [20] . In sample I-PS-d8, the smallest distance is about 0.35 nm and the average number of spin label in contact to polystyrene is 0.26, which means that about one in four paramagnetic centers is in contact to polymer. Samples II-PS-d8 and III-PS-d8 are similar to each other. In both cases, the distance between spin label and polymer is 0.37 nm and the average number of spin labels in contact to polymer is 0.38 and 0.37, respectively. This corresponds to more than one in three centers in contact to the polymer chains.
Discussion
Former NMR [12] and gravimetric [21] measurements as well as simulations [6] predict a surfactant multilayer system in organoclay when using an excess of surfactant with respect to the CEC of the clay. Due to electrostatic interactions, one fraction of surfactants is localized directly on the clay surface building a bilayer between the platelets.
The other surfactant fraction is located in between this bilayer thus creating a multilayer. This picture is supported by our CW EPR experiments where slow and fast components can be detected. The slow component corresponds to the fraction localized on the clay surface, while the fast component to the fraction in between these surface layers. With increasing temperature, the surfactant layer melts gradually, the platelets expand, the clay swells, and the dynamics of the system raises, which means that 2A′ zz as the maximum splitting of the spectral lineshape is getting smaller. The actual molecular structure of the surfactant layer in organoclay was studied before by Fourier transform infrared (FTIR) spectroscopy [22] . This method is sensitive to the ratio of gauche/trans conformations in alkyl chains by observing frequency and width of the asymmetric CH 2 stretching vibrations. FTIR experiments showed that there also exists a significant fraction of gauche conformation within the surfactant layer. This liquid-like fraction diminishes with increasing surfactant concentration. The same observation was made in a Raman study [23] . A quantitative analysis of the gauche/trans ratio was performed by a solid-state NMR technique [24] . For a montmorillonite modified with 1-octyldecylamine, about 67 % of the alkyl chains are in an all-trans conformation at room temperature. With increasing temperature, disorder increases and the surfactant layer in organoclay exhibits a more liquid-crystalline character. Melting of the surfactant layer takes place over a broad temperature range as observed experimentally [12] and predicted earlier by simulations of molecular dynamics (MD) for alkyl chains tethered to a silica surface [25] . MD simulations also provide the ratio of gauche/trans conformations in surfactant alkyl chains in a multilayer organoclay system [26] , and they propose that the order of the surfactant alkyl chains decreases with increasing distance from the head group [27] .
There already exist some suggestions for the nanostructure of the surfactant layer in organoclay. They are derived from model-based analysis of X-ray diffraction experiments [28] and MD simulations [6] and propose that in organically modified clay, the surfactant head groups are anchored on the clay surface and the surfactant tails are almost parallel to it. Our ESEEM experiments support this picture and provide new insight into the structure of such systems. They demonstrate that in our composites besides the surfactant head groups [12] , also the surfactant tails are in fairly close contact with the polymer chains. Somewhat surprisingly, the contact between polymer and mid of the surfactant tail is closer than the one between polymer and end of tail. This might be explained by the structure of the surfactants. As the nitroxide spin label is attached over a rigid amide bond, it cannot move freely, so its mobility is dominated by the mobility of the surfactant alkyl chain. With the picture of flatly lying surfactants, one can imagine that a nitroxide label attached at the end of the surfactant tail as the most mobile part of the alkyl chain can integrate better in the surfactant layer than a spin label attached somewhere in the middle of the alkyl chain. Together with the CW EPR results, also the ESEEM measurements support the picture of flatly lying surfactants on the clay surface with a dynamic gradient along their alkyl chains (Fig. 8) .
Conclusions
EPR spectroscopy provides new insight into the structure and dynamics of the surfactant layer in organoclay and polymer-clay nanocomposites. CW EPR experiments on spin-labeled surfactants provide information on gradual dynamical changes in the investigated materials when increasing the temperature. Heterogeneous dynamics and a dynamic gradient along the surfactant alkyl chain can be observed, whereas the mobility is highest at the chain end. After addition of polystyrene, a decrease in dynamics can be observed, and the mobility of the system is dominated by the mobility of the surrounding polymer matrix. Plotting the extrema separation 2A′ zz against the temperature, we could distinguish between nano-and microcomposites. ESEEM experiments probe the contact between polymer and nitroxide spin label along the surfactant tail. The measurements indicate a closer contact of polystyrene with the mid of the surfactant tail than with the end of it. The results of both EPR techniques support and emphasize already existing models of the structure in organoclay and polymer-clay nanocomposites, where the surfactants lie flatly on the surface of the clay platelets with a mobility gradient along their alkyl chains.
Thus, EPR spectroscopy can contribute to a better understanding of the relation between structure and dynamics in organoclay and polymer-clay nanocomposites. EPR, NMR, and WAXS experiments with different clays and polymers are in progress to obtain a more general picture of the relations and interactions in these materials.
